The present meta-analysis initially evaluates the reliability of dental maturation in the identification of the circumpubertal growth phases, essentially for determining treatment timing in orthodontics. A literature survey was performed using the Medline, LILACS and SciELO databases, and the Cochrane Library (2000 to 2011). Studies of the correlation between dental and cervical vertebral maturation methods were considered. The mandibular canine, the first and second premolars, and the second molar were investigated. After the selection, six articles qualified for the final analysis. The overall correlation coefficients were all significant, ranging from 0.57 to 0.73. Five of these studies suggested the use of dental maturation as an indicator of the growth phase. However, the diagnostic performance analysis uncovered limited reliability only for the identification of the pre-pubertal growth phase. The determination of dental maturity for the assessment of treatment timing in orthodontics is not recommended.
Introduction
It is well established that in growing subjects facial skeletal disharmonies, i.e. skeletal malocclusions, can be correctly treated by orthopaedic approaches. Such skeletal malocclusions include, for instance, transverse maxillary constrictions and mandibular deficiency or prognathism, which are relatively common features in certain ethnic populations [1, 2] . However, successful orthopaedic treatments in growing subjects are critically dependent on the skeletal maturation, i.e. the growth phase at which the treatment is performed [3, 4] . The important growth phases in such orthodontically treated subjects are circumpubertal, as the pre-pubertal, pubertal and post-pubertal growth phases [3] [4] [5] , each of which is characterised by differential growth of the maxillary and mandibular basal bones [5] [6] [7] .
As chronological age [5, 8] and dental emergence [8, 9] have been shown to be poorly related to skeletal maturation, at least during these circumpubertal growth phases, these parameters are known not to be reliable indicators for treatment timing [6, 10] . Therefore, over the last five decades, efforts have been carried out to find reliable and reproducible indicators of skeletal maturity in individual subjects [3, 5, 9, [11] [12] [13] . These indicators have included radiographic hand-and-wrist maturational stages [11] and cervical vertebral [3, 13] maturational (CVM) stages, along with non-invasive biomarkers in gingival crevicular fluid [14] .
A further method is seen with dental maturity, which can be easily assessed through the evaluation of tooth formation [15] , and which can be carried out on panoramic radiographs that are routinely used for different purposes, and with minimal irradiation to the patient. The degree of crown and root formation can also be assessed with minimal influence according to dimensional distortions that can be seen on panoramic radiographs [15] . In this regard, high correlations between dental and skeletal maturity have been reported by most of the investigations performed to date [12, 16, 17] . As a consequence, most of the studies have proposed that the staging of dental maturation is a reliable indicator of the individual skeletal maturity, which has major diagnostic implications [12, 16, 17] .
However, a correlation analysis is not sufficient to reliably assess the diagnostic usefulness of dental maturation for the identification of the skeletal maturation phase in individual subjects. Thus, a dedicated analysis of diagnostic performance is needed. Such an analysis would need to include sensitivity, specificity, positive predictive values, and positive likelihood ratios (LHRs) [18, 19] . Interestingly, the only diagnostic performance study that has been performed to date reported little diagnostic value of dental maturation in the assessment of skeletal maturation, in spite of the high correlation coefficients retrieved [20] .
A comprehensive meta-analysis regarding the relationship between dental and skeletal maturity is thus still missing, with a reappraisal of the diagnostic performances of previous investigations deemed necessary to definitively assess the diagnostic usefulness of dental maturation in the identification of skeletal maturity. Therefore, the present study was based on the appraisal of these missing diagnostic performance analyses in previous investigations, which were then used for the subsequent meta-analysis. In particular, studies on the maturation of the mandibular teeth in growing subjects who had never been orthodontically treated were considered.
Materials and methods

Search strategy
The present meta-analysis follows the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) [21] (see Additional file 1) and identifies all of the relevant studies in which possible correlations between dental and skeletal maturity in growing subjects at the circumpubertal growth phases were investigated. In particular, studies using the dental maturational staging according to Demirjian et al [15] (as individual teeth) and the reliable skeletal maturity assessment by the CVM method according to Hassel and Farman [13] or Baccetti et al [3] were considered. A literature survey was carried out through the following databases: Medline (Entrez PubMed, www.ncbi.nlm.nih.gov), Latin American and Caribbean Health Sciences (LILACS, http://lilacs.bvsalud.org), Scientific Electronic Library Online (SciELO, http://www.scielo.org), and the Cochrane Library (www.thecochranelibrary.com). The survey covered the period from 1 January 1995 to 30 November 2011, with no language restrictions. The following search algorithm was used in the databases, with the asterisk symbol (*) indicating truncation: ((dental age OR dental matur*) AND (skelet* matur* OR cervical vertebra* matur*)). For the search through the Cochrane Library, the whole Library (set at 'search all text') was screened with no restrictions as to the record status. Finally, a manual search was also performed by scoring the references within the studies examined and the titles of the papers published over the last 10 years in the following journals: American Journal of Orthodontics and Dentofacial Orthopedics, The Angle Orthodontist, European Journal of Orthodontics, Progress in Orthodontics, Oral Radiology, Oral Surgery Oral Medicine Oral Pathology Oral Radiology, and World Journal of Orthodontics.
The eligibility assessment and data collection processes were performed independently by two of the authors (GP and GHW). The data collection was carried without blinding to the authors. The intra-examiner reliability in the study selection process was assessed through the Cohen k test assuming a threshold value of 0.61 [22] . Conflicts were resolved by discussion of each article until a consensus was reached.
Study selection
The studies retrieved had to correlate dental and skeletal maturity in a cross-sectional design, with an analysis of the distribution of the different maturational staging of individual mandibular teeth across the skeletal maturational stages. The methodologies used had to comply with the following two requirements:
1. Use of the dental maturational method [15] , comprising five stages (D to H) in the circumpubertal growth phases of the teeth investigated, as shown in Figure 1 and as briefly defined as follows: Stage D. When (1) the crown formation is complete down to the cemento-enamel junction; (2) the superior border of the pulp chamber in the uniradicular teeth has a definite curved form, with it being concave towards the cervical region; the projection of the pulp horns, if present, gives an outline shaped like the top of an umbrella; and (3) the beginning of root formation is seen, in the form of a spicule. Dental maturational stages according to Demirjian et al. [15] (stages D to H, upper) and CVM stages according to Hassel and Farman [13] or Baccetti et al. [3] (stages 1 to 6, lower). For the dental maturational stages, only the canine is shown for clarity. The CS1 and CS2 are pre-pubertal stages, CS3 and CS4 are pubertal stages, and CS5 and CS6 are post-pubertal stages (see text for details of the maturational staging).
Stage E. When (1) the walls of the pulp chamber form straight lines, the continuity of which is broken by the presence of the pulp horn, which is larger than in the previous stage, and (2) the root length is less than the crown height. Stage F. When (1) the walls of the pulp chamber form a more or less isosceles triangle, with the apex ending in a funnel shape, and (2) Studies that presented different maturity evaluation methods were excluded. Case reports, case series, reviews, and opinion articles were also excluded.
Data items
The following data items were collected: year of publication, ethnicity, investigated teeth, sample(s) size and age, results in terms of correlations between dental and cervical maturational stages, main diagnostic indications on specific dental stages in the identification of the skeletal maturation phase, and indications on the diagnostic usefulness of dental maturity in identification of skeletal maturity (Table 1) . If a study also included the investigation of the maturity of any of the incisors, or of the first and third molars, they were not considered here because these teeth are usually fully developed in the pre-pubertal growth phase or are very late, such as for the third molars. Similarly, data regarding the maturity of the maxillary teeth were also excluded, as the presence of calcified structures that superimpose on these teeth renders the assessment of the maturational stages less reliable [17, 23] .
Assessment of study quality and risk of bias in individual studies or across studies
The methodological soundness of each article was based on a quality evaluation method that followed pre-established characteristics that were modified from other methods reported previously [24, 25] . The following characteristics were used, along with the systematic scores that were assigned to the individual retrieved articles:
1. Adequacy of sample selection description based on three criteria: (1) The quality of the studies was considered as follows:
1. Low: total score ≤ 3 points 2. Medium: total score > 4 and ≤ 6 points 3. High: total score > 6 points Moreover, the PRISMA statements [21] for the assessment of risk of bias of individual studies have been considered here. According to these statements, the following items should be used: (1) concealment of randomisation, (2) clinical trial stopped early, (3) patients blinded, (4) healthcare providers blinded, (5) data collectors blinded, and (6) outcome assessors blinded. However, according to the designs of the studies considered here, only the blinding of data collectors and outcome assessors are applicable, and this was thus included in the item 'blinding of measurement' in the quality analysis.
Primary outcome of interest
To establish the clinical performance of each dental maturation stage for the diagnosis of each CVM stage, positive LHRs were calculated [19] . Positive LHRs provide estimates of how much a given dental maturation stage changes the odds of having a given growth phase. Here, a positive LHR indicates that a subject who tests positive for any clinical parameter (i.e. any dental maturation stage) has a high probability of having the given condition that needs to be diagnosed (i.e. a given growth phase). The positive LHR incorporates both the sensitivity and the specificity of the test, and it provides a direct estimate of how much a test result changes the odds of having a condition [19] . A threshold of a positive LHR of ≥10 [18] was considered for assessment of satisfactory reliability of any dental maturation stage for the identification of any of the growth phases. Therefore, positive LHRs, along with 95% confidence intervals (CIs), were calculated for each investigated tooth for the identification of the growth phases, which were defined as pre-pubertal (CS1 and CS2), pubertal (CS3 and CS4), and post-pubertal (CS5 and CS6). Dedicated statistical software was used to calculate the positive LHRs (MedCalc, version 12.0, MedCalc Software, Mariakerke, Belgium).
Secondary outcomes of interest
For each investigated tooth, the secondary outcomes of interest were the percentage distributions of the different maturational stages across the growth phases (by pooling the data for male and female subjects) and the correlation coefficients between the dental maturational stages and the CVM stages (both according to the male and female subjects, and by pooling the sexes).
Synthesis of results
The data were combined for meta-analysis using statistical software (Comprehensive Meta-Analysis software, Biostat Inc., Englewood, NJ, USA). Heterogeneity was assessed using the χ2-based Q-statistic method and I 2 measurement, with significance set as p < 0.1; however, because of the moderate insensitivity of the Q statistic [26] , only an I 2 value ≥25% was considered associated to a significant heterogeneity among the studies [27] . Upon this analysis, a random effect model was used for all of the overall effect calculations [27] . Positive LHRs are reported as means and 95% CIs for both the point estimates and the overall effects. Percentage distributions of the different maturational stages across the growth phases are reported as means for the point estimates and as means and 95% CIs for the overall effects. As no relevant differences were seen between the sexes, these analyses are shown with pooling of the sexes. Forest plots for each meta-analysis present the correlation coefficients according to the sexes, point estimates (displayed as blocks), and CIs (displayed as lines).
Results
Study search
Of the 337 papers retrieved by the automatic and manual searches, six studies [20, 23, [28] [29] [30] [31] (Table 1) were judged to be relevant according to the inclusion/exclusion criteria. All of these studies were included in the meta-analysis for all of the primary and secondary outcomes ( Figure 2 ). Five studies [20, 23, 28, 30, 31] used the CVM method according to Baccetti et al [3] , and one study [29] used the CVM method according to Hassel and Farman [13] .
Study populations and main reported results and conclusions
The main features of the studies included are given in Table 1 . All of the studies analysed different ethnic populations, including Turkish [23] , Chinese [28] , Pakistani [31] , Polish [30] , Indian [29] , and Italian [20] . All of the studies investigated the canine, the first and second premolar, and the second molar, with the exception of one study [29] , in which only the second molar was included. All of the studies enrolled both male and female subjects, and the sample sizes ranged from 300 [29] to 718 [30] ; the male-to-female ratio was equal [23] or similar [28, 29] to 1:1, or in favour of females [20, 30, 31] . The age ranges of the investigated subjects among the studies were similar, with an overall range between 6 and 18 years. All of the subjects included in these studies had to be healthy, with no major nutritional, metabolic, or growth impairment.
All of the studies saw a positive correlation between dental stage and cervical vertebral maturation, which ranged from moderate to high values (Table 1 and Figure 3 ). The majority of the studies showed differential behaviour of the teeth between the sexes [23, 28, 30, 31] , and one study [20] reported little differences between the sexes and the teeth, while another study [29] demonstrated similarities between males and females only when the second molar was investigated.
For the diagnostic indications of the specific dental maturational stages in the identification of skeletal maturational stages, two studies [23, 30] did not provide information; the study [28] on Chinese subjects suggested that stage G of the canine for males and stage F of the second molar for females might signify the beginning of the pubertal growth spurt; one study reported that the onset of the pubertal growth phase (i.e. CS3) might be diagnosed by stage H of the first premolar in males and stage G of the second molar in females. A further study [29] on only the second molar reported that for both male and female subjects, maturation up to stage E is indicative of a pre-pubertal growth phase (i.e. CS2), stages F and G are indicative of the pubertal growth phase (i.e. CS3 and CS4, respectively), and stage H is mainly present during a post-pubertal growth phase. The last study [20] reported that the canine up to stage F and the first and second premolar and second molar up to stage E are indicative of a pre-pubertal growth phase (CS1 and CS2, with no distinctions) and that the second molar at stage H is mainly present during the post-pubertal growth phase. While the conclusions from three studies [28, 29, 31] were only based on the percentage distributions of the different maturational stages across the skeletal maturational stages, those from the last study [20] were based on a diagnostic performance analysis. Finally, regarding the diagnostic usefulness of the dental maturational staging in the identification of skeletal maturity, the studies suggested reliable use for the diagnosis of all of the skeletal maturational stages [23, 29, 31] or for the onset of the pubertal growth spurt [28] . One study [30] reported that dental maturity might be useful only as an initial assessment of the growth phase. The last study [20] suggested a reliable diagnostic use of dental maturation only for the identification of the pre-pubertal growth phase.
Quality analysis and risk of bias in individual studies
The results of the quality analysis are given in Table 2 . The quality was high in only one study [20] , medium in three studies [28, 29, 31] , and low in the remaining two studies [23, 30] .
The sample description was classified as adequate in all of the studies, with clear indications of the inclusion/ exclusion criteria. Also, the data regarding the age and sex distributions were satisfactory in all of the studies. Four studies [20, 28, 29, 31 ] included a full method error analysis, for both the dental and cervical maturational staging, based on inter-operator or intra-operator testretest recordings. One study [23] reported that a method error analysis was performed, but no data were shown; thus, the point was not assigned. The procedures used to assess method error were kappa statistics [20, 28, 29] or the Bland-Altman analysis [31] . In all of these four studies [20, 28, 29, 31] , satisfactory levels of intra-operator and inter-operator agreement were reached.
Adequacy of statistics was judged as full in only one study [20] and partial in all of the rest [23, [28] [29] [30] [31] . Although the use of parametric/non-parametric methods and the other tests used were appropriate in all of the studies, five of these investigations [23, [28] [29] [30] [31] lacked correct analysis of the diagnostic performance, which limited the statistical analysis to percentage distributions of the dental maturational stages across CS1 to CS6, and to the correlation coefficients between the two staging systems.
Prior estimate of sample size was not performed in any of the studies, although the sample sizes can be considered large, as they were composed of several hundreds of subjects. Finally, blinding in measurements (for both the dental and cervical vertebral maturational staging) was reported in only one study [20] .
Distributions of the dental maturational stages and growth phases, and the degrees of correlation
The distributions of the dental maturational stages among the different growth phases for each investigated tooth are given in Tables 3, 4 , 5, and 6. All of the investigated teeth showed a spread diffusion of their maturational stages across the different growth phases. This behaviour is seen both for the six studies included and for the corresponding overall distributions. Regarding these overall data, the greatest distributions of a given tooth and maturational stage were seen for the canine and the first and second premolar, all at stage H at the pubertal growth phase, with values of 24.2%, 22.7%, and 15.1%, respectively, and for the second molar stage G at the pubertal growth phase at 19.6%.
The degrees of correlation between the dental and skeletal maturational stages according to the sexes for each investigated tooth are shown in Figure 3 . For each investigated tooth, all of the overall correlation coefficients were statistically significant (p < 0.001, at least). In particular, when pooling the male and female subjects, the overall correlation coefficients for the canine, the first and second premolar, and the second molar were 0.57, 0.62, 0.62, and 0.73, respectively. The heterogeneity among the studies was generally proportional to the correlation coefficients, with I 2 values from 81% to 97% for the canine and second molar, respectively. This heterogeneity was also similar between the sexes, with the exception for the canine, in which a greater I 2 of 89% was seen for female subjects as compared to that of 59% seen for male subjects.
Diagnostic performances
A total of 227 positive LHRs were calculated. Only 19 (8.4%) of these positive LHRs were ≥10.0, with 18 related to the pre-pubertal growth phase (all of the teeth) and only 1 related to the post-pubertal growth phase (the second molar). Moreover, a total of 48 overall positive LHRs were obtained in the meta-analysis. Only 4 (8.3%) of these overall positive LHRs were ≥10.0, with all related to the pre-pubertal growth phase (canine, stages E and G; first premolar, stage E; and second molar, stage D). For the pubertal growth phase, the positive LHRs retrieved in each study were generally below 2.0, with the greatest value of 9.1 seen for the second molar stage G in one study [29] . However, the greatest overall positive LHR for the identification of this growth phase was 2.3, seen for the second molar stage G. Similarly, for the post-pubertal growth phase, the positive LHRs retrieved in each study were generally below 3.0, with the exceptions of stage H of the second premolar and second molar, which were greater, although in only one study [29] was the threshold reached, with a value of 206.4, while in another study [20] , a maximum value of 9.1 was seen (both second molar, stage H). The greatest overall positive LHRs for the identification of this growth phase was 6.7, as seen for the second molar stage H.
Discussion
The present meta-analysis has reappraised the diagnostic performances of the maturation stages of four mandibular teeth for the identification of the circumpubertal growth phase in individual subjects. The data show that in spite of the high correlation coefficients seen, according to which dental maturation has been proposed as a reliable indicator of skeletal maturity (Table 1) , the diagnostic performance of these dental maturational stages is limited for each of the investigated teeth. Moreover, the repeatability of the CVM method that has been reported low for untrained operators [32] would not constitute a limitation herein since in most of the included studies [20, 28, 29, 31] , a satisfactorily repeatability for the CVM staging has been shown. Only studies that scored dental maturation according to the method described by Demirjian et al [15] were included here, as this method consists of distinct details based on shape criteria and proportion of root length, using relative values to the crown height rather than absolute lengths. Foreshortened or elongated projections of developing teeth will not affect the reliability of this assessment [15] . On the other hand, because of the different staging of the hand-and-wrist [9, 11] and cervical vertebral [3] maturational methods, only the latter was considered here as the indicator of the growth phase. In particular, the CVM method has been shown to be of reliable and simple application, making this assessment widely used nowadays both in research and in clinical practice. Nonetheless, the CVM method requires a lateral head film, which might be available as a pre-treatment record, but should not be obtained later only for the purpose of monitoring the growth phase, as in this case the optimal treatment timing would be delayed until after the diagnosis. As a disadvantage, the hand-and-wrist maturation method requires additional X-ray exposure. Therefore, from a research and clinical standpoint, dental maturation was proposed a long time ago as a further useful method for assessing the growth phase in individual subjects [12] . The main limitations of the studies included that were judged to be of low and medium quality were the lack of Percentage distributions were computed for the whole sample within each study. Overall percentage distributions are shown as means (95% CI). Percentage distributions were computed for the whole sample within each study. Overall percentage distributions are shown as means (95% CI).
a full analysis of the diagnostic performance and of blinding for the measurements [23, [28] [29] [30] [31] . Moreover, the two studies [23, 30] with low quality also lacked an internal method error analysis. However, in spite of these limitations, the very similar protocols of these cross-sectional studies render them highly comparable. On the basis of the distribution of the different dental maturational stages across the CVM stages and their corresponding correlation coefficients, five [23, [28] [29] [30] [31] of the studies included indicated the diagnostic usefulness of dental maturity in assessing the circumpubertal growth phases (Table 1) . However, two [23, 30] of these five studies did not provide any diagnostic indications on the specific dental stage in the identification of the skeletal maturation phase. Moreover, where indications were given, different results are seen among these studies. For the identification of the pubertal growth phase, i.e. CS3 and CS4, the canine, first premolar, and second molar were all suggested to have diagnostic usefulness, with some differences among the sexes and stages (Table 1) . The percentage distributions of the dental maturational stages across the different growth phases (Tables 3, 4 , 5, and 6) were computed for the whole sample within each study, instead of within each growth phase, as previously reported, as this better resembles the diagnostic capabilities of the dental maturational stages in the identification of the different growth phases. According to this part of the metaanalysis, noteworthy differences in the distributions among the studies were seen (I 2 generally above 50%, not shown). This shows that the dental formation follows differential timing with regard to the growth phases [5, 9, 10] among the different ethnic populations, rendering unique reference scores inapplicable. Also, the correlation coefficients between the dental and skeletal maturational stages varied significantly among the six studies, although they were statistically significant in all of the cases (Figure 3) . The overall coefficients (with pooling of the male and female subjects) varied from 0.57 for the canine to 0.73 for the second molar. However, the heterogeneity among the studies was proportional to these correlation coefficients, thus showing that the greatest correlation coefficients were also associated with the greatest variability, as was seen for the second molar (overall, I 2 up to 97%). In terms of the correlation coefficients, differences were seen between the sexes within the same tooth and study.
As the main goal of the present meta-analysis, an appraisal of the diagnostic performances of the dental maturational stages in the identification of the growth phase was performed by calculation of the positive LHRs from the previously reported data. According to this appraisal, in only a few cases were positive LHRs retrieved in each of the studies that were above the required threshold for satisfactory performance (Tables 7, 8 , 9, and 10). In particular, some of the maturational stages of the canine, first premolar, and second molar were seen to be associated mostly with the pre-pubertal growth phase. The maturational stages did not reach a satisfactorily level of diagnostic performance for any of the investigated teeth in the identification of the pubertal and post-pubertal growth phases. The only exception was for the second molar (stage H), which yielded a positive LHR of 206.4 for the identification of the post-pubertal growth phase in one study [29] . All of this evidence would thus not support the conclusions of most of the studies included [23, 28, 29, 31] (Table 1) , in which clear indications for a given maturational stage in the identification of the growth phase were reported. However, according to the overall positive LHRs, very little diagnostic performances were uncovered (Tables 7, 8 , 9, and 10). Of interest, the present appraisal considered three growth phases by clustering the six CVM stages; the merging of which allowed the retrieval of higher positive LHRs than those obtained by using the six skeletal maturational stages separately. Therefore, future studies that suggest the use of an indicator for a given condition should have conclusions based on a correct and full diagnostic performance analysis, as the strength of correlations between two scales is not sufficient to assess diagnostic capabilities.
Finally, even though the present meta-analysis did not include the radiographic hand-and-wrist maturational method, the CVM method per se can be considered as a reliable indicator of skeletal maturation; moreover, the great agreement between the results obtained from the studies included (especially in terms of the positive LHRs) makes the present conclusions reliable.
Clinical implications
In consideration of the diagnostic performance analysis presented here, dental maturity is not a reliable indicator of the growth phase in individual subjects. The present meta-analysis has thus revealed that the conclusions reported in previous studies were not actually supported by the results obtained in those studies [23, [28] [29] [30] [31] . In this regard, a further investigation [33] using a subset of a study [20] included in the present meta-analysis has revealed that even the maturational combination of the mandibular canine and second molar would have no diagnostic potential in the identification of the pubertal growth phase. Therefore, whenever available, hand-andwrist [9, 11] or cervical vertebral [3, 13] maturational methods remain preferable for the determination of the growth phase, and hence of treatment timing, in individual growing subjects. Few exceptions were seen for the canine up to stage F, the first premolar up to stage E, and the second molar up to stage D, which might be satisfactorily used for diagnosis of the prepubertal growth phase. However, considering that the diagnostic accuracy of the early mixed and intermediate mixed dentition for the identification of the prepubertal growth phase has been demonstrated [5, 9, 10] , dental emergence can be used instead of dental maturation, thus avoiding the need for an X-ray, at least for the identification of the pre-pubertal growth phase. Moreover, the diagnosis of a pre-pubertal growth phase by dental maturity, or even by dental emergence, does not provide precise information on the duration of this growth phase up to the beginning of the subsequent pubertal growth spurt. Finally, the invasiveness of radiographical indicators has to be taken into account in clinical practice, at least until non-invasive biomarkers [8, 14, 34] of growth phase will be available for routine activities.
